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Abstract

A suite of computer codesas assembled to simulate

the performance of an aerospike engine and to generate

the engine inpufor the Program toOptimize Simulated

Trajectories. First an engine simulator module was
developed that predicts the aerospike engine performance

for a given mixtureratio, power level, thrusvectoring
level, and altitude. This module was then usechpidly
generate the aerospike engine performance tédnlesxial
thrust, normal thrust, pitching moment, and specific
thrust. Parametric engine geometmas definedfor use
with the engine simulatanodule.The parametric model
was alsointegrated into théSIGHT" multidisciplinary
framework so thahlternatedesigns could be determined.
The computercodes were used to support in-house
conceptual studies of reusable launch vehicle designs.

Nomenclature
A cross-sectional area
Bl canstant in Eq. (7)
AR L area ratio
D canstant in Eq. (7)
E energy
F o force
0 enthalpy
M o Mach number
11 PP mass flow
MR mixture ratio
o pressure
PL pawer level
L temperature
G axial coordinate
2 narmal coordinate
A ratio of specific heats
e constant in Eq(6)
o efficiency
O thruster tilt angle
o density
subscripts
o base
e ettt e e cambustor
COW e cowl
fuel (H2)
o P gas generator
o oxidizer (02)
e e turbine
L total
L1 thruster
A wall

X ettt axial direction
Y e narmal direction

Introduction

Launch vehicle performance is evaluated by
computing the optimum vehicle trajectoryOne part of
the essential dafmr an accurate trajectory simulation is
the engine performance (Fig. 1).
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Fig. 1 Engine data neededor vehicle trajectory
simulation.

Lockheed Martin’s reusable launch vehicleoncept, the
VentureStar™;? proposes to use aaerospike rocket
engine. The aerospike engine performance is
significantly more complicated than a traditioniaéll
nozzle rocket engide since the proposed aerospike
enginehas variable mixture ratio anghower levels, is
capable ofthrust vectoring, and has eomplex flow
structure that affects the performance of the engine as the
vehicle ascends through the atmosphere.

The aerospike rocket engineonsists of a gas
generator, turbopumps, combustorocket thruster,
cowl, aerospike nozzle, and plug base redibiy. 2).
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The gas generator and turbopumps are packaged betweerProgrammé& for European Space Agency. They are also

the upper and lower aerospike nozzle surfaces (Fig. 3).
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Fig. 2 Aerospike components and flow-field
characteristicshown forthe upper half of the aerospike
engine.
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The aerospike nozzle is a truncated spike (or phayle)
that adjusts tothe ambientpressure andpotentially
integrates well with launch vehicles. The flow-field
structure changedramaticallyfrom low altitude tohigh
altitude on thespike surface(Fig. 3) and in the base
region?® Figure 3 showshe pressure contours for the
hot exhaust gas expanding along the aerospikezle
surface for differenaltitude conditions. The top contour
is for an altitude slightly lessthan the nozzledesign
condition (at thedesign conditionthe upper boundary
would beparallel to the vehicle centerline). The bottom
contour is for araltitude neassea level. Near sea level,
the atmospheriqressure isclose to the exhaust gas
pressure suckhat it does not expand significantly, and
thereforefollows the nozzle contour until thBow has
turned enough ta@reate ashock near the end of the
nozzle.

being studied in Japanh:®

In support ofthe NASARLV program, a group was
formed at NASA Langley Research Center to help mature
the VentureStar vehicle concept with Lockheddrtin
Skunkworks and their partners®* Conceptual vehicle
analysis typically uses simplified relationships for
propulsion data accurate for bell nozzle rocket engines but
not applicable for predicting thrust vectoring capability of
an aerospike rocket engine. This papddresses the
problem of generating an aerospike engine database for
use in the POST (Program toOptimize Simulated
Trajectories)’

Method

An aerospike rocket engine of the type required for
powering a VentureStar classhiclehas not been tested
or designed in detail. Typical engine datdor an RLV
classvehicle is given in Table 1Part ofthe conceptual
vehicle design process idetermining both the required
engine thrust and the number of engines needed. During
the conceptual design of a vehicle, a number of different
engine designs were evaluated. Eachnew aerospike
engine, the conceptualdesign team obtained limited
performance estimates at five critical trajectqryints
from Rocketdyne the propulsion contractor. Initially,
these estimates wetienited due to the concentration of
resources otthe development of th€-33 RLV. These
initial estimates were based on engi@sgeneratorcycle
analysis and a calibrated approximation of an aerospike
nozzle's performance (from extrapolation of experimental
data). The initiallimited propulsiondata did not include
the nozzle forces and moments necessairycontrolling
vehicle pitch angle along a trajectory. In addition to
nozzle forces and momentsr controlling pitch, more
data points were needed to accurately optimize the vehicle
trajectory. For these reasons, aternatebut compatible
methodwas developedfor predicting aerospike engine
performance.

Table 1: Aerospike Engine Description Data

Fig. 3 Computed inviscid pressure contours for the

exhaust gasses datifferent altitude conditions. The
Upper half of figure shows a pressureontour near the

design point and lower half of the figure, near sea level.

The base region creates an aerodynamic Spikehigh

altitudes (giving the aerospike its name), tmaintaining

RS-2200 Engine Abea Level [ InVacuum
Thrust, Ibf 520,000 564,000
Specific Impulse, sec 342 456
Propellants Oxygen, Hydrogen
Mixture Ratio (O/H) 6.0 5.5
Chamber Pressure, psia 2,250 1,950
Cycle Gas Generator
Area Ratio 193

Throttling, Percent Thrust 20~100 | 20~84

the base pressure and the contribution of the base region
to the aerospikehrust. Inthe early1960’s, aerospike
and plug nozzles were tliecus ofdevelopment projects

Dimensions, inches
Forward End 294 wide x 96 long
Aft End 120 wide x 96 long

Forward to Aft 175

in the United States, Italy? Germany, and Soviet
Union? More recently, they have beenoposed as the
propulsion system fothe reusable launch vehicle (RLV)
program for NASA and have been studied in the
Advanced RockePropulsionTechnologie¥ and Future
European Space Transportation Investigations

2

<www.boeing.com/space/rdyne/x33/rlv/irs2200/eng_data
.htm> (Nov. 15, 1999)

A suite of computer codaegas assembled to simulate
the performance of an aerospike engine and to generate
the engine inputor POST. Anengine simulator module
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was developed; the modulevas able to predict the

aerospike engine’s performance for a given mixture ratio,

power level, and altitude. This module whenused to
generate the aerospike engine performafme axial

thrust, normal thrust, pitching moment, and specific
thrust.

The aerospike engine module simulated or modeled the

gas generator, combustor, aerospilczzle flow field,
and nozzlebase region. Aralgebraic relationship was
derivedfor the gasgenerator to estimate the amount of
hydrogen and oxygen necessary for operdfionThe
algebraic equations werealibrated with enginecycle

detailed computer models (cycmalysis codes) of this
process, whiclinclude detailed models of thumbing,
cooling system, turbines,and pumps, have been
developed byindustry. For this effort, weare only
concerned with the amount of the total flow of propellants
that the gas generator uses for agiven operating
condition. We were given five points and needed to
extrapolate the dataacross the engine’s operational
envelope. The mixture ratio of thegas generator (MR
and of the engine (MR are given, along with some of
the gas generator parameteffhe mixture ratio of the
combustor (MR) has to be determinddr computing the

results. The engine cycle results used were similar to the combustor state.

data presented by Erikson!’ Subsequently, the
combustor mixture ratizvas determinedor a given total
engine mixtureratio. The combustor was simulated with
an equilibrium chemicalreaction. The thruster exit
conditionwas obtained by calculating a one-dimensional
expansion process in chemical equilibritiThe thruster
exit conditionwas used as an inflow boundaryndition
for a space marching computational fluid dynamics
codé? that provided a two-dimensional solution to the
Euler equations. The base flow thrust contribution was
estimated as a function of the total engine aatia. One
thrust cell and nozzle were simulated at a tifriee axial
and normal thrust, specific fuel consumption, and
pitching moment were determinedor each flow
condition. Realistic performancewas obtained by
applying engine loss factors for combustion, flow
divergence, and boundary layer los¥es.

The engine modulevas written so that the geometry
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Fig. 4 Gas generator and turbopump system.

and flow conditions of the aerospike engine could be

used as desigwariables in an optimizatiomproblem. Erikson analyzed a typicafjas generator systethat
Likewise, the engine performance parameters are used two turbines in series for turnitige pumps(Fig.
available for use aspotential objectivefunctions. The 4). The energy equations for the turbine and the pump are
aerospike nozzle contour can be described either with a defined by using the relationships from Schmudker.

set of coordinates or by control points focubic spline. E =mAhn, 1)

The engine modulevas coupled with theiSIGHT mp

framework® so that multidisciplinary desigissuescould E, = ﬁ @

be |Invetst|gated_. t‘!’he(;esgltlng foﬂef Cami;mdlflthertto In Eq. (2), the pressure is referring to pump outlet, and it
evaluate an existing design or to determine alternate ones. jq \ 5jiq only if the pump inlet pressure is small and can be

neglected. The pump outlptessure islependent on the
engine power level setting and the delivery system
pressure drop:

po:pc+Apo’ pf:pc+Apf (3)

Aerospike Engine Parametric Model

The parametric model of the aerospike rocket engine
is divided into the simulation dbur major areas(1) the
gas generator cycle, (#)e combustor, (3)the thruster, . .
and (4) the aerospike nozzle. Thesmpabilities were The mixture ratios are related to the mass flows by

added to the existing computer codes developed for R :(r'ng+r'nc)o MR :DrhoD MR :DmOD (4)
multidisciplinary analysis of an aerospike nozzle, T (mg+r.nc)f’ c %Ec g %Eg
and the mass flows are related by

reported in Korte et &f.

GasGeneratoCycle
According to Eriksorl! the mostefficient power cycle
for the aerospike rocket engine is thas generator. A

portion of the fuel and oxygen is burned in a gas

generator to power botthe fuel and oxygen turbines
(Fig. 4). The energy generated tye turbines is used to

power the pumping of the hydrogen and oxygen
propellants from the tanks into theombustor. Very

3

iy =iy + 1y, = (i, +i ), =[(MR; +2)i] - (5)
Equating the energysed bythe pump and théurbine,

one finds

.@:exf(MRT,PL) (6)
m;

where € is a constant coefficient calculated so that the
eguation result agrees with the engine cycle data. With the
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cycle performance data given bigrikson, € was
computed to bé.94, showingthat the model yields a

reasonable approximation of the cycmalysis. The
combustor mixture ratio can then be calculated by
MR, = (MRT(1+b)_a) 7)
(1+a-bxMR;)
where _
g MMR,
m (MR, +1) m (MR, +1)
and e =M/ ®)

i 1= (i, iy )
The relationship fop, p, 4h, n, andn, as a function of
powerlevel and mixture ratiavas curve fitted from the
five points obtained from theower cycle analysis.
Solving the above equations gave reasonabteement
for boththe combustor mixture ratio and the amount of
mass flow needed to operate the gas generator.

CombustoandThruster

The combustion chamber of an aerospike is similar to
other rocket engines except that egawer pack (gas
generator and turbopump system) supplies a row of
combustion chambers on both the top and bottom of the
engine. Each combustion chamber is connected to a
thruster nozzle. The thruster nozzle is a three-
dimensional design to enable efficient volumetric
packaging and minimum turnirigsses wheitthe exhaust
flow intersects the aerospike nozAe. The thruster
nozzle is tilted at an angleward the vehicle centerline.
Once thecombustor mixture ratio antbtal pressure is
known, the total enthalpy of the mixture can be computed
by assuming arequilibrium reaction ofhydrogen and
oxygen. The exit conditiorfor the thruster is computed
by expanding thélow to the desired thrustearearatio,
assuming chemical equilibrium and one-dimensional
characteristics. The contribution of the thruster to the
axial thrust and normal thrustan then be calculated by
using one-dimensional flow equations

Foeue = PA(L+)M?)cos6 ©)
Fyuw = PA(L+)M?)sin 6 (10)

wherep, A, y, M, and 6 are staticpressure, cross-
sectionalarea,ratio of specificheats,Mach number, and
thrustertilt angle (with respect to the horizontaxis),
respectively.

AerospikeNozzle
The aerospike nozzle contour startshet exit of the

contour design is usually modified as tihesign of the
engine progresses. For example,lgrgth of the nozzle
may be varied to improve the thrust-to-weight ratio of the
engine. Inaddition to structural weigheffects, the
thermal coolingsystem, propulsion-vehicle integration,
thruster contour, and the fuel-oxidizer delivery system are
a few ofthe issuesthat are significant in the aerospike
nozzle contour design.

The pressure distribution on the nozzle contour is
calculated by using a space marching parabolized Navier-
Stokes codé The computational domaipegins at the
end of the thruster nozzle and ends at the nozzle exit. The
domain is bounded by the nozzle wall on the bottom and
the flow expansion orthetop. The combustion product
was assumed to be water in vibrational equilibrium. The
flow that exits the thruster ontbe nozzle isassumed to
be spatially uniform and chemicallfrozen. The
computedflow field is equivalent to an Euler flow-field
solution because the boundary conditiontte nozzle
wall was a slip-wall condition. The computational grid
uses 60 points ithe normal direction and approximately
2000 streamwise stations. The computedpressure
distribution was integrated to obtain the aerospike
nozzle's contribution to axiahnd normal forces and
pitching moment.

BaseRegionandGasGeneratoExhaust

The base region is where a complex interaatiocurs
among the nozzle and vehiclaerodynamics, the
atmosphere, and the exhaust of thas generator.
Depending on the atmosphepressurethe nozzle wake
may be either open or closed. At low altitudes, the wake
is open allowing thebase pressure to be near the
freestreamconditions. At higheraltitudes the nozzle
wake closes. The base pressurethen becomes
independent of altitude as the vehicle continues to climb.
The base pressure for the closed wake conditan be
increasedup to alimit) by introducing additionamass
flow. The exhaust flow fronthe gas generator supplies
the gas forthe base bleed. Predicting the base region
performance by either experimental or numerical means is
extremely difficult. For conceptualdesign, the many
details neededor numerical simulation are not well
known. Most predictiondor conceptual design rely on
an historical database of experiments adetailed
numerical computations. Theoretical bounds for the
thrust contribution can be established by treating the
truncated nozzle and the exhaust flow separately.

One way to estimate the maximum performance of the
base is to assunthat theaerospike expansion process is

thruster nozzle and extends to the end of the engine. The jdentical to that of a full-length nozzle. The ideal specific

nozzle contour is usually determined by designing a spike
nozzle and then truncating it. Traditionally the contour of
the aerospike nozzlbas been designed by using both
simple method$?* and more elaborate methods based
on calculus ofvariations®>?” These design approaches
are adequate for determining an aerodynamic cotiatir
satisfies a design fomaximum thrust at one design
condition (high altitude condition).  The aerospike

4

impulse (ISP) for the fularea ratio can be calculated and
subtracted from the IS€alculatedfor atruncatednozzle.
The ISP calculatedfor the truncated nozzle lswer than

for a perfectly expanded nozzle—a nozzle of a reduced
area ratio based on the base height—becaudtothéas

not been completely turned to be parallith the vehicle
centerline at the end of the truncatedzzle. For
example the maximum SP contribution of the base for
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the engine specification given in Table 1 is approximately layer drag at each point instead of runningeparate
7 secondsdue to area ratio effect and an additional 57 boundary layer calculation.

seconds for nonparallel flow effects. The base region has

the theoretical potential to provide an additional 14 Performancéstimates

seconds of ISP when the wake is closed. The calculation of engine performance with the above
In practice, the base region has to be pressurized with defined strategy at a given power level, mixture ratio, and
a gaseous bleed to improve recoveihe questionghat altitude takes approximately 15econds on a SUN

need to bensweredare what fraction of the theoretical = Ultra™ 2 computer. To define the performance for thrust
contribution is obtained andiow much of the gas vectoring requireswo analyses. Even thoughe total

generator exhaust is needed to obiain Theanswers to mass flow isthe samdor a thrustvector control (TVC)
these questions are important becausertassflow from case,the combustor pressureare different in the upper
the gas generatorhas the capability to augmerthrust. and the lower halves of the engine. A computer code was
Erikson’s calculationdemonstratethat thegas generator written to generate a POST engine deck by repeatedly
usesabout3.4% ofthe totalmassflow.'” If the gas executing the aerospike parametric model as a function of
generator does not produce aagditional thrust, this mixture ratio, power level, thrust vectoring, amattitude
equates to a theoretical maximuass of approximately until all engine operating points had been simulated. The
16 seconds of ISP (for amrea ratio 0f193). If we mapping of the design space into a POST deck usually
assumethat the gas generatormassflow could provide took about 3 hours (approximatel00 cases).Typical
thrust with a sonic nozzle (about 300 $8®), then the ISP results are shown in Fig. 5.

penalty would only be approximately 6.5 secondESdH.
However,expanding thegas generatomrmassflow is not
always possible because some or all of it may be diverted
to help cool hot structures.

In this study, we were provided engine ISP
performance estimates at both vacuum and lseel a
conditions, along with everything necessaryesiimate ®
the performance of the engine up to the end of the
aerospike. The fraction of thrust contribution from the
base and the gas generator exhaust was adjusted to ensure
the performance estimates matched at tpesets. This
adjustmentvas based odetermining the fraction of the
theoreticalbase pressurization and gas generator thrust
needed to obtain the expected performance.

—O— 100% PL, MR =7.0
—{— 100% PL, MR =5.5

LossFactors . altitude
The mass flow, thrustand momentgor the engine &) 100% power level (PL).
were computed assumingdeal conditions. The

computed results were adjusted with efficiency factors for
combustion effects, flow divergence, and boundayer
drag. These factors were the typical efficienciesed to
compare rocket engine predicted performance with
experimentablatal® These efficiencies were included in
the engine data at the five operatipgints. However, &
because we have unbalanced normal forces and moments ~
acting on the aerospike engimdnen operating in thrust
vectoring mode, the boundary layer dradoss factors
were treated specially.

A boundary layer solutionvas computed for both
vacuum and sedevel conditions. A representative
thruster geometryvas modeled with an aerospikezzle

—0— 60% PL, MR =7.0
—— 60% PL, MR =5.5

contour. The axial and normal drag force and pitching altitude
moment were calculated for the differeunditions. The b) 60% power level.
axial drag computed from theoundary layer analysis Fig. 5 ISPtrend withaltitudefor two different mixture

agrees favorably with the drag computed from the |[aiios.

supplied boundary layer efficiencies. Factors were

defined and were multiplied by the computed axial drag t0 A characteristic of the aerospikelaw altitudes is that a
obtain the normal drag force and pitching drag moment. spockwill hit the nozzlewall. This phenomenon can
These factors were then used éstimating theboundary clearly be seen (in Fig. 5a for one shock reflection and in

Fig. 5b for two shock reflections) by the local decrease in

5
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ISP as the altitude increases. The seaatacteristic of
the aerospike is the small altitude rangeere the base
region changes from an open wake to a closedte.
This effect can bebserved bythe change in thdocal
slope of the ISP near the vacuum condition.

The TVC forcesare obtained by shiftinghe power
levels of the upper and lower combustors while
maintaining the same average engpmver level. To
simulate the maximum positiveTVC forces and
moments, the top aerospike stagnatiopressure is
increased by 15% anthe lower aerospike stagnation
pressure is lower by 15% whilgsing the same overall
mixture ratio. The TVC forces and moments are summed
at the centerline of the vehicle at the axial location of the
enginecowl. Two powerlevels areshown in Fig. 6.
The aerospike nozzle characteristics are that the TVC
forcesare very nonlineafor the lower altitudes and can
be significantly higher than th&/C forces obtained in
vacuum.

—O0— 100% PL, MR =7.0
—{— 100% PL, MR =5.5

15% TVC Normal Force

altitude
a) 100% power level.

—O— 60% PL, MR =7.0
—— 60% PL, MR =5.5

15% TVC Normal Force

altitude

b) 60% power level.
Fig. 6 Computed normal force for 15% thrusgtctor
control versus altitude for two different mixture ratios.

A similar trend is obtained with the pitching moment
(Fig. 7). The vehicle center of gravity (cg) is farthest

6

from the engine at the beginning of the flight. As the fuel
is consumedthe cgmoves towardhe engine,reducing
the moment arm actingith the TVCforce. The highly
nonlinear behavior of the normal forces and pitching
moments will make controlling the pitch angle of the
vehicle more difficult because the amount of pitch
correction obtained with a fixed amount @VC can
change rapidly with altitude. Both the normal force and
the pitching moment are significant in controlling the
vehicle pitch angle.

—O0— 100% PL, MR = 7.0
—— 100% PL, MR =5.5

—e— 60% PL, MR = 7.0
—m— 60% PL, MR = 5.5

15% TVC Pitching Moment

altitude
Fig. 7 Predicted pitching momefibr 15% thrustvector
control versus altitude for two different mixture ratios and
power levels.

The described methodologyas beenused todefine a

number of aerospike engines designed for use in our
conceptual vehicle studies.

Sample Engine Design With iSIGHT Framework

The engine codes have also been incorporated into a
multidisciplinary frameworkcode, iSIGHT, taallow for
alternate designs based ommore integrated design
objectives. Examples of different problems solved with
theiSIGHT framework are given by Padula et?al.A
sample design problem is definddr the aerospike
engine specifications given in Table 1. The aerospike
engines are designed fil a base region and sized to
generate the required sea letrelust. The sample engine
from Table 1, is required to delivés20,0001bf at sea
level and to fill a vehicle badbat is294 inches wide by
96 incheslong. The width refers tothe width of the
engine in the vertical position (vertical launch), and length
is the distancacrossthe engine in the vehiclspanwise
direction. The sample design problem is to determine the
engine thruster angle, thruster area ratio, aerospike engine
contour,and overall engine area ratio that maximizes or
minimizes a multidisciplinary objective. Ideally, this
objectivewould be based on eehicle trajectory-sizing
analysis. Thisvehicle sizing analysis would require an
additional modulefor estimating the aerospike engine
weight. For thissampleproblem, wewill optimize a
composite engindSP (Comp,) for RLV. Erikson
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suggested using a composite index based on a weighting were determined so that the deeel (SL) thrust forhalf

of 21% sea level and 79% vacuum performance.

AerospikeParameters
The cowl height and aerospike nozzle length are set to
be 95% ofthe engine boundary dimensions given in

Table 1. The aerospike nozzle sample geometry begins at

the exit of the thruster (point A dfig. 8). Theslope of

the first line segment (A to B) on the aerospike nozzle is
set equal to the tangent of the thrugiitrangle (6). A
cubic polynomial isused todefine the aerospike contour

of the engine would equa60,000Ibf and the composite
ISP wasmaximized. The sea levehrust constraint
determines the maximum engine area ratio because the

vehicle base dimension is fixed. The samedesign

problem was solved twice with differeimitial values of
the design parameters. The optimization algorithm
quickly converged to a candidate solution for tiitial
set of variables.

Table 2: Method of Feasible Directions, Case 1 and 2

from point B to the end of the truncated section at point
C. Because the cowl locationpzzlelength, and base

height are fixed for this samplgroblem,the aerospike
contour is completely defined by the thrusaeearatio,
thruster angleaxial position of point B, and slope at
point C. The thruster anglthe thrusterarearatio, and
the cowl location (point D) determine the coordinate of
point A.

Initial Value Final Value
Case 1 2 1 2
Parameters
Xg (in.) 10 20 10.2 20.2
dy./dx -0.20 | -0.10 | -0.187 | -0.100
6(°) -45.0 -20.0 -34.4 -27.5
AR » 10 20 10.8 21.6
AR e 193 193 199. 197.6
Constraint
SL,mus(IDF) | 264,018 251,531 260,000 260,001
Objective
Compg (S) 427.4 426.8 432.0 432.1

Fig. 8 Parametric aerospike nozzle surface.

The gas generator simulation is calibrated with the
results of Erikson for duel inlet turbine temperature of
1900 °RY In addition, we will assumehat (1) all the

The final constraint and objective values obtaif@dthe

two casesare nearly identical, but the final design
variables are significantly different. This couttan that
either(1) there is a range of design parameters that yield
similar results (robust design) or (2pat the gradient
based method found a local minimum. To investigate the
latter, a third case was solved by changing the
optimization plan in théSIGHT framework to use the
genetic algorithm option.

Table 3: Genetic Algorithm, Case 3

lossestotal 5% of the ideaéxpansion, (2) 50% of the
truncated spike thrust is recovered, {B8& basebleed

mass flow needs to be 0.75% of the combustor flow, and
(4) 75% ofthe freestreanpressure igecovered on the
base region when the exhaust wakeopen. These
numbers wereselectedfor this sample problem and are
not based on any specific design, analysis, or test data.

iISIGHT FrameworkSetup

To calculate the objectiviunction requiredthat the
iSIGHT framework execute two different aerospike

performance cases—one for degel and one fornear
vacuum conditions. This wasaccomplished with the

Lower Upper Final
Bounds | Bounds Results
Parameters
Xg (in.) 9 45 43.9
dy./dx ~0.20 | -0.075 -0.101
6(° -45.0 -20.0 -28.2
AR r 5 25 19.3
AR oine 170 220 198.5
Constraint
SLrus{Ibf) — — 260,000
Objective
comp.; (S) — — 432.6

loop function in thelSIGHT framework and setting the
altitude, mixture ratio, and powéavel based orthe loop
index. An initial optimization plamvas specifiedwas the
gradient based procedure, Method of Feasible Directions.
This method was selected from i8GHT framework’s
builtin suite of optimization methods.

iSIGHT FrameworkResults
The initial and final values of thdesign parameters
are given in Table 2. A total of five design parameters

7

Theresults withthe genetic algorithm option ashown

in Table 3. The composit&P objective was improved

by 0.5 sec. whertompared to theesults of Case 2.
While this improvement is significant, it is not enough of
an improvement to make a change frdhe designs
obtained in either Case 1 or 2 if they have some other
advantage. This sample problem reahows that the
aerospike engine design parameters picked have a fairly
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large range of values that are near the maximum objective
value.

This sample problem demonstratebow a
multidisciplinary optimization tool can be used in a design
process. The aerospike engine is significantly different
than bell nozzle rocketngines,and additional benefits
can be obtained by designing withvahicle integration
and performancapproach. For anore practicaldesign
problem, we ultimately want to have the design based on
a vehicle objective obtained from a trajectory analysis.

Summary

A methodology has been developed for use with the
POST trajectory code in generating an aerospike engine
database as a function of mixturatio, power level,
thrust vectoring, and altitude. The process for
developing an aerospike engine datatfaseconceptual
vehicledesign was presentedlypical characteristics of
the aerospike engine performaneersus altitude were
discussed. This methodology was aldmbedded into a
multidisciplinary environment so that modifietesigns
could be investigated. A sample design problem for
modifying aerospike engine geometryvas also
presented.
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